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¢ Atmosphere of Mars | : =o 


measured by SAM 


— ._ 95.9% CO, 
~ 2%Ar, 1.9% N. 
— <1% pressure of Earth’s atmosphere 
i> 7 mbar) 
¢ Significant Amounts of. Weitcl@lamaale 
IOP 1-Meter of Regolith *- 
Water ice caps at the poles 
— ~2% at least everywhere else * 
— ~10% even at equatorial regions 


Regolith 

wor VOlatiles 
analysis by 
SAM 


volume % of atmosphere 


— Curiosity rover ground truth: #5) : — 1 Orbital 
— 1.5-3% water in surface regolith (SAM) _ ie 
— Average 2.9% water (DAN), upto 7% in | + a top 1-m of 
top 60 cm of regolith in some ' fegollth via 
locations-Seasonal variation | Sone 
— Transient liquid water at night in the oS 
top 5 cm of regolith ; 
. Welle ' 
content of Ay! 
> regolith vs. Pd 
distance by 
BY oy a) 
| Curiosity 


Rover 


* R. Zubrin, S. Price, L. Mason, and L. Clark, "Mars Sample Return with In-Situ Resource Utilization: A 
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ee 1a RO A oom ace) 0\>) am -\-Ja >] O) (em Dlo)antial(eye Weisiads idea of Mars ISRU 
using CO, from the atmosphere & water from regolith 
¢ Concept: make methane and oxygen via the Sabatier reaction ang 
water electrolysis: - 
2 C0, +4H > CH, +2H,0 
— 2H,0>2H,+0,.5. 
— Freezing using liquid methane for CO, collection 


— Used zeolite oa = ion’ for CO.,. collection f 
. — Leverage: 12:1, but 10.2 3: :1 after fe everclcellatMey ees: 
— Supplement w/RWGS or CO, electrolysis ? 02 | 
— Raises leverage to 18:1 : oa. 
_.¢ Main issue w/imported H.: size oF H, tanks 
' “i i Low density/high boil-off ; 
“&°- Too large for practical shrouds & heat shields 
a, Vol 5, pp. 705-724, 1978 


nd to End Demonstration of 3 
A JSC Jan. 13, 1995. 


¢ R. Ash, W. Dowler, and G. Varsi, "Feasibility of Rocket Propellant acevo lUcoid(o)ame) ami Vt-leceum\eit- WACciace) a 


a Full Scale Mars In-Situ Propellant Production Unit," NASA Contract No. NAS 9-19145. Presented tol 


. “. an Not Pountadl against ISRU system aateksss) 
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~Kleinhenz, Julie E., and Aaron Paz. "An ISRU propellant production system for a fully ft ul e 
Vehicle." 10th Symposium on Space Resource Utilization. 2017. : 


Mars ISRU? 


“Gear ratio” = mass in (Fo /tance Mars surface = ~10 
10 kg IMLEO/1 kg on Mars surface | = 
Example: MAV (VETS Ascent Vehicle) = ~6 tons dry mass = 
Propellant 1 A 
— 7 tons CH, + 23 tons O5°* 
— 5 tons life support om | 
— Total.-= 35 tons & gta 


= 


IMLEO ~ 300 tonsa ie: 


Ae 


--— ~2.2 tons w/life support nes Merict 
Reduces landing mass by go tons or ~607% 
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d Mars Ascent 3 
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Dust Removal 


of dust, especially olUr dy ayes 
(o [UiSians) Ke) a pats ‘ 

Or-Tamlaltciaiclas with valves, 
catalysts, pumps, ae | 


'O5Y(04 (0) aT =M=1-) oF-] = 1K) a 0) (0) 


=< Si 
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— Electrostatic dust removal 
(Carlos Calle at KSC) = *™ 


SS / 


Fig. 2. Electrostatic precipitator in a flow through configuration. 
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MIP: Mars In-situ Propellant Production 
na h=xe10 esx) am el alaceve mice) ma ate Mer- ales (2X MY C16) 
Surveyor 2001 Lander 


Led by David Kaplan at JSC 
Mass = 8.5 kg, Power (avg) = 16.0 W 
AO cm x 24 cm x 25 cm box 
Oxygen Generator Assembly (OGA) Electrolyzes 
OF OP Kole) 41/210 Com LO=7 40) and carbon aye) ale) d(e{=) 


Used zeolite sorption/desorptior ? 13X) 
from JPL) with night/day cygje: OK 


- 


aia aa 


-°- 4.5¢C0,/6h at 0.58 atin pressure. 
Designed to run for 300 Mars days (sols). 


Photograph of OGS Qualification Unit 


OGS Flight Design 
€neration System) 6 


OGS (Oxygen 


CO. Freezers Look Promising 
CO, freezers tested by Pioneer 
Astronautics, Lockheed: WW Feladlameanie 
sgales), and KSC * 


Results: ~20, 13, 80, and uhele g/hr 
using lab-scale systems _ “a. if | 
— (equiv. 5-32 g/hrCH,) » . bas. Pioneer MACDOF 4 KSC “Ferris Wheel” 
Thickness up to 1 cm £ a ‘3 is (LN, Chilling) By, 4 Cold Head ee 
N./Ar was not measur jor | 2S 
CO, self-pressurizes via su Soli 


Don Rapp (JPL) estimated: a CO, i, 
freezer for 0.5 kg/hr needs ~1/3 the, | 
power and 11% the mass of a 
Pere) alo) cssy (eam ele linl VAnale ual e)eclare COne 
ses | ee 
‘ al Lockheed @ryocooler Freezer 
: ~ 0.9 fatt-h/g Co, 


. % 


jotorize: 
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Pate Ang: 
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7 WY Fel ecwaluaaves=) ©) al-1eo ats 10 0] cer-) 
Mars atmosphere in fina Recove ry System (MAR ats)) 
a mbar) nm NTT N@s Study 


Water 
(ice 


, <- 


; ( ce) ; Nemeeeel : : 
Compress | Condense Boost Separate  Cryo-distill 


Generate Expand to Add heat Reserve 
power atmosphere power 


* CQ, Liquefaction and Collection of Other Gases \ 
* Compress very large volumes of the atmosphere to the high pyessures required to liquefy CO. 
“¢’ Geared toward larger scale operations: settlements 
7a Requires very high power source - nuclear reactor 
¢ Not appropriate for Mars Sample Return or Yel am alvinarslamsy.<ed(eec)' (ele 


England, Christopher, and J. Dana Hrubes. "Recovering the Atmospheric Resources of Mars: Updatin , 


e MARRS Study." AIP 5 
Conference Proceedings. Ed. Mohamed S. El-Genk. Vol. 813. No. 1. AIP, 2006. x 


¢ .ISRU processes (So) RWGS, Sabatier) tolerate 


lower purity CO, AL 
‘ Pioneer Astronautics tested combined RWGS- “im aoe £ PL Flow 
Sabatier process with CO,/N./Ar for 5- — ae eens | Controllers 
continuous days wie degradation of ai — 
catalyst 
¢ 1kg/day of 3.5 0, to 1 CH, i\ ar 
° Power = 893 W (678 W optimized) | | i | r ! By Peicnizing 
¢ N, andAr not separated, butt Y moved during : . 


Membrane 


* Gas separation downstree @Bcarator 


a c=Xo[U(eqd(e) alm 0) ceyex-\-\- ma tl -\Va ol) eas 
provide useful buffer gases ee 
- * Two-stage COTS mechanical compression: 
required 242 W (plus chiller), and may require 
> more power than freezing, but was claimed to 
. .betess complex 


. Mass foXo) an} exs1a (xe) am areysve (omcom ol-Melelar= 1e 
‘ ~ 46 cmx 41 cmx Se mn; 5115 kg (54 kg optimized) 


ropellant Production 6 
System. a Journal of Aerospace Engineering 26.1 (2012): 43- 56 & Bruinsma et al. NASA SB R zontract NNKO60M03C 


} gRecycle- 
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. . Jet P Ision Lab 
Mars 2020 Payload Family Picture S Calta tte of Teomology 


Mars 2020 Project 


MOXIE - Example of Direct Compression 


RIMFAX 
Ground Penetrating Radar 


SHERLOC 
Fluorescence and Raman spectrometer 
and Visible context imaging 


— 
| 


http://mepag.nasa.gov/meeting/2016-03/21 MEPAG 160303 FINAL%20v2.pdf 


Hoffman, Jeffrey A., Donald Rapp, and Michael Hecht. "The Mars Oxygen ISRU Experiment (mOXIEljon the Mars 2020 Rover.” A/AA 
SPACE 2015 Conference and Exposition. 2015. om 


“MOXIE 


-. MOXIE is the Mars Oxygen In situ resource 
utilization Experiment on the Mars 2020 Rover 


Led by Dr. Michael Hecht, MIT/Haystack Obs. 


eA (Tod (0) \74-\- Ol OD coke) 41/2110 Com ROR =7A aD = 1 ale 
carbon monoxide . s ~ 


Taliare VINA) elsxenii(sve re small cryocooler 


Switched to a small scroll: pump from Air 
SYolUrslasvo (siceveyiniilcyler fo) 


N. and Ar are not separated f m feed, but 
vented with CO : 


ea Requirements . 


A mass flow rate of at least 100 gi | 


+ An outlet pressure of at least 760 Torr, with 7 Torr inlet 
pressure *. 


* Were) an) olc=\x-x0) ar-V are Man yelke) mi alolm=><ex-1-10 | |a} 2a Wee) mm in Jength 


. Full compatibility with the working fluid: 95% C02, 3% N2, : 
and 2% Ar ; 


Ceram Wa Ko) ] Maat-l=s-M0) mee) ag] 0) (= <0) ama nlelco)em-]are mex) alige)i(\g not 
' exceeding 1.8 kg 


at “. The ability to function in the Martian environment 


. Further improvements in size, weight, and efficiency ~ 
throughout development 


CO, Capture with Membranes 


¢ Evaluated 28 other membrane materials 
Wo) oy ROM fe (=Jaiuia(qve| 

¢ Mainly polymeric-based: poly-acetate, 
pplyimides, polyamides, feye) Wecieliie) alee 
fete) Were] dele) at= [toe and.polyethylene, fe) [UES 
zeolite membranes = 

¢ Selectivity and permeabilitware persely 
related ; Si 

-  Pressurization is requiliaas mm J ution =mk 

¢ -Polyacetylene and polyditiethylsiloxane permeability. ile : For clarity, the 


Membrane Permeability, barrer 


are \VeMualeMalt talcum exclanatsrs] ein he. ; top two" ic anke naterials are not 
- Trades are needed for selectivity vs i a fr | cluded ‘if pee een 
__. permeability and power to compress the (1 bafirer = 7.5 x 104 (cm3(STP)- 
"|. COs for separation a ny/ (Cite -)) 


° synthesis required in some cases eTRt.2.3 


vo 


Processes - Membrar 
~ Separations 


¢ Air Products Prism modules 
have been tested by LMA, 
Pioneer Astronautics and KSC 


+. KSC results aré good with 
minor H2 losses.(0.26% 


oe 


esl fe} eXo)} oe 


Calculated Measured Calculated Measured Calculated Measured 


47 


1.086 


1.032 
2.327 
1.384 


lonic Liquids for CO, NASA 
Adsorption/ Electrolysis 


id L. 3 | @ 
4 , PEF pS Rsc—S—O 
o./@ ~“O ss lI 
O F O 
Tetrafluoro- Hexafluoro- 
borate phosphate 


R, R 
sities Halide Nitrate 


Imidazolium Pyridinium Pyrrolidinium 
R, a 
| “CFs 
Ra Ne-Ro Ss. 00 
Bis(trifluoromethyl- 


Raha Re Sk 
Rs " 
Tosylate 
sulfonyl)imide 


Rs 
Sulfonium 


Phosphonium Ammonium 


Methanesulfonate 
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’ Potential Benefits for ISR 


Current Mars Bipropellant ae Production Process Diagram 
Production Process Diagram with IL Electrolysis 


Dust > 


Removal 


Dust 
Removal 


¢ Advantages of IL capture/electro ysis : 


— Estimated ~50% less mass and =25% less power 


~ CO, Uptake at Low Partial - J. 


Vacuum ~50% Mole Fraction at 
oat ROM a aleys li 


é 
a4 


@[emim][2-CNPyr] 


) O[Peserell2-CNPy}¢ © [emim|[4-Triaz] 


° [Pass ral[4-Triaz]e 


Mole ratio (CO,/IL) 


04 O06 O08 02 04 06 08 
Pressure (bar) Pressure (bar) 


@[emim){3-Triaz] 
O[Pecers][3-Triaz}s 


@lemim)[Tetz} 
O[Prscrs)[Tetz]e 


Mole ratio (CO./IL) 


: . 02 04 O68 0. 2 04 06 
. Pressure (bar) Pressure (bar 


aM 


“CO, absorption capacity in (a) [emim][2-CNPyr], (b) [emim][4- Triaz], ( ) [emim][3-Triaz], and (d) 
[emim][Tetz] at 22 °C. The CO, solubility in [P,,,,,]+ counterparts from c: f 10 are also shown for 
comparison.” (Brennecke, 2014) 
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- Summary of KSC Results 


“_ 


(Underlined ILs = Candidates) 


[BMIM][TFSI]] 0.46 2a No 
[BMIM][PF.] 0.50 2.4 Yes Precipitate, 0) 
Cu 
darkened 
[BMIM][BF,] O55 ALS Yes Small 
[HMIM][B(CN),] 0.70 0.6 No 
[EMIM][BF,] 2.6 AG No 
AZ-1 9.0 4.4 0.67 No 5 
AZ-2 9.6 2.4 Yes IL darkened 0 


AZ-3 2 Slow color Precipitate 5 Possible 
change CH, and CO 


(TiO, only) 


feyatte Liquids for CO, - Su mmai 


¢ In general, the benefits of ILs are: | \ | TRL 2 ; 
— Low volatility ~ | 


-—. Wide range ‘of regeneration temperatures 
— Less energy to. regenerate 
Potentially lowef-corrosion 
— High temperature:stability 
— Ability to tune perform al ice ; 


° Some Mc shallene ipr't ay || Mal=t=xe Riven of=) addr¢ 


~ Pome nate) (e)mevareli(syayexexs) for IL eo that Still nee | 


“ys * Improvements i Tam aat=)tnle)elasmrsleacer-lecelamelamx-var>)e-1) 


_— Improvements in large scale membrane fabrication Wy | 
“— Improvements in producing defect free coating for the membra 1A 


¢ COTS Membrane Modules Are Adequate 
¢ Parrish (KSC, 2002) studied several 
commercial membranes: : 
— Permea Prism® Alpha Separators PPA-20. 
) Neomecs GT #020101... 
— Enerfex SS. ea 
— Enerfex SSP-M100C Membrane sheet. 
¢ Temperatures = -45°C to +30 
¢ Variety of pressures. Pe... oe 
¢ Designed a system that Oita’ rate : 
44°C and 780 mm Hg (1.03 atm) © 
° Feed = 30% CO., 26% Ar, and 40% ie Mb 
ca wd (= 0 | (611-10 0) (0 L010 (61am OM |) tq ol@l@Me)e) a0 00, jue 
_ 38% Arand 62% No. 
“* . 47% recovery of the feed. 


: Work i is needed on Ar/N. separation. 
x Ar leads to potential bends issue. 


Permea 


Parrish, C., “Membrane Separation Processes at Low Temperatures,” AIAA Paper 2002-0461, 40th/ 


Meeting & Exhibit Proceedings, 14-17 January 2002, Reno, Nevada. 


~ Buffér Gas Separation 


Permea 


srospace Science 


First Stage 2329 


Second Stage 2180cm 


Microchannel reactors offer: 


) 


Better temperature control of 
the catalyst bed - 

Reduce temperature gradients 
relate m(eler=lipacve! “hot Spots” 
Prevent sintering of a packed 
bed catalyst — a 


Large mass savings Oyeaur et, 
traditional packed bedi eae 


design, 
Penalty of increased ores 
(oo) om] alo [alelgay-t-y-e| probat 
complete catalyst deactivation. 


Potentially improved CO, abscanas 
Ko) mexe)alex-lalae-1u(o)e 


g Lower mass, volume, and power 


* Further development is justified 


ge 


TRL3 


lity 0 e.. 


Coolant 
flow — 
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Catalytic 


TH) 


microchannels a: 


ection of microchannel 


% MARCO POLO/ 
Mars ISR rat hfinder 


ISPP- In Situ Propellant wa celelU(eiu(e) a 

arom DY=10 a1) alsia ga ltom ©) cole LU (e1ure)ame)im\V/ fo ]ecmete lanl e)icmariaelaa propellant 
— Reduce risk for human Mars missions 

NW F:Vs(@0n 2x0) Ke) -Ma rs Atmosphere and Regolith 

COllector/PrOcessor for Lander Operations | , 

Wearew eles Atmospheric. Processing Module (APM) 4 : 
— Mars CO, Freezer Subsystem y 


-— Sabatier (Methanatiog)) Sut tem 
Collect, purify, and pressurize 
fo} a=] am OO Pm alco) methane | CH, | 
Other modules mine regolith, extract water fi 
the water, electrolyze it to H, and O,, send th 
subsystem, and liquefy/store the CH, and O. 


Test Talc \relesmrelarel(eycmeilsiie. deme 


Zo 


at is MARCO POLO? vee 


> First generation htesratciliel Seyi ieclare | 
atmospheric processing system with missio — 
relevant direct current power Py - 
- 10 KW cuca for 44 hrs of daytime o oa 


-— The Water Wis i ea And. ( 
provides the consumables for the 
alecdave | 8. 


meonned ivelacziaalelicwralale autono NOwS f 


: . ‘a ‘ Lander 
Design Concept 


; C&DH/PDU Module: WSC) ‘ 

Atmo Processing’. eon eel Soil Processing 

'\W/ YoYo [0] (=¥ . * Power distribution WW) Yovet bl (=¥ RY @9] 

* CO2 capture from Mixed *¢ Soil Hopper handles 30k Tse) = 

Mars atmosphere (KSC) * Soil ‘vaggeerome gas 

* Sabatier converts H2 and and 50 eto extract water 

CO2 into Mette and water La 

(KSC/JSC) y ide 
Water Cleanup 
Module: (KSC) 


¢ Cleans water prior to electrolysis 
¢ Provides clean water storage 


Liquefaction 
Module: (TBD) 


¢ Common bulkhead tank for 
Methane and Oxygen liquid 
storage ; 


Excavator: (KSC) 


* RASSOR 2.0 Rover 
¢ Provides feed to Soil Dryer 


1KW Fuel Cell and 
consumable storage 
(JSC & GRC) 


Water Processing 
Module: (JSC) 


¢ Currently can process 
- 520g/hr of water (max 694 ¢ Uses metal hydride for H2 storage 
due to availability 


g/hr) 3m x 3m octagonal lander deck een! No Flow Through FC (GRC) 
+ 10KW FC not shown (JSC) 


‘KSC: RASSOR 2.0. 
Excavator Rover . 


KSC: Branton 7 
S1UI) alerel@ Ora elte lal. 


JSC: Soil Pro- © KSC/JSC: Water JSC: Water Processing \ KSC: iibspneric 
cessing Module Cleanup Module NY KeoXe TU f(t (<re1ace]\y74-19) Processing Module 


; e 
; * NS 
es 


oo 


"13% of full-scale 0, production goal for human Mim 


_— 10,000 cm? rectang e 


Collect Flare) purify 88 g CO./h (>99%) 30.5 om 


~— From simulated Martian atmosphere 
— 10 mbar; 95.4% CO,, 3% N., 1.6% Ar 
ipply 88 g CO,/h at 50 psia to the Sabatier reactor, 
onvert CO, to 32.8 CH,/h and 72 g H,0/h 
Operate autonomously for up to 14 pcey 
Minimize mass and power . Ld wee 
Fit within specified are: eaiand vo ume i 9 RevisedAfter [& 
— 9,000 cm? pentagons —* ak | a or 
r easjet Ele (e) ele fe 1 UL) als) . 
~-— 44 inches tall (112 cm, same as WWeltstansicelerstssylaye! 
Module) oe 
S10] 0) oe) am /AV ai O08 10) me) srodUceanigoals of O. 03 ) 
_kg O,/day (50% of 0.) for a total of 2.22 kg propelant, 
Sufficient for a Mars Sample Return Mission ) 


ar Biissions (1 kg 
©3/h/module x 3 modules =.3 kg 0,/n), | i.e. a" Se ies : 


‘ at: 
‘ » ; 
eget c 


‘Atmospheric Processing «%A* 
Module Design 


Atl GO. ballast tanks nots 
Daycyel(meyell cd) OS niise 


ai (sYoud cen 
mejal=yeal (ere) 


Methane Mixed 
Separator Mars 
Gas 


{Replaced 


and Membrane Module] Input 


ospheric Processing 
Operations 


88 g/hr CO, 
‘ O20 PSI H,0 


72 g/hr H,O 
32 g/hr CH, 


0. Freezer - 


Final Design 


Emergency se ie Pressure Equalizer Valves 
oe Copper < 1mbar 


Perrys 


Cold Head 10.8 mbar 


ll Chiller 


CO, Freezer 
Tank #2 
< 1 mbar 


Vacuum 
Pump 


aaa Vent to 
Atmosphere/Hood 


< 1 mbar inlet 
Up to 1 bar 
outlet 


Copper 
Cold Head 


Mars Atmosphere 
95% CO2, 3% N2, 2% 
Ar 
~700 psig max Emergency 

Vent 


2 - Cryocoolers with Freezing Chambers 
11 - Magnetic Latching Solenoid Valves 

1 - Chiller with 4-Way Dual Solenoid Valve 
1- Vacuum Pump 

1-CO2 Pump 

2 - CO2 Ballast Tanks 


Cryocooler 
#2 


2 - Vacuum Back Pressure Regulators 
3 - Pressure Relief Valves 

1 - Flow Controller 

1 - Flow Meter 

3 - Thermocouples and 2 RTDs 

3 - Pressure Transducers, etc. 


(00) From CO2 
KSC Sabatier Reactor Freezer 


JSC Sabatier Reactor 


SR-1 


4s 


Multipormt Prism 
Thermocouple c Membrane 
Module 


1/4" Fittings/Adapters 
Backpressure 


Regulator 
1/8" Fittings/Adapters 


1/16” Fittings/Adapters Hand Valve Regulator Steam Pressure 
Gauge Transducer 


1/4" SS Tubing wagelo G) (2) D<J 


Condensate 


Cylinde Thermocouple end 
1/8" SS Tubing a Pressure 


essure 
(x) MARCO POLO PVS Number 


Latching 


OO OO® 


Soler Valve 
To H,;0 Cleanup Transducer Relief Valve SorenOn Var 


* (Design of KSC . NASA 
Sabatier Reactor | 


Omitted 
from final 


: @ w —— ~~) design 
) EES / Gas Re- 


= f. ( . 
“SH Entry #2 Gas Outlet 
ee Preheat ay : — as on e 


Loop 


30 cm long stainless steel tube w/2.54 cm 
OD and 0.21 cm wall thickness 


Single-pass conversion = 90% @ 88 g CO,/ h 
+ 3.5:1 H./CO, 

Based on Pioneer Astronautics design for | 
steam: oxidation of trash to methane a . 


1.5 h integrated test with CO. Freezers and 
recycling system showed 100% conversion to 
pure CH, 


“Atmospheric Processing « 
Module a 


— 
-“Sabatie 
_* 4 ‘Reactor | LOR 
(i | e A | : ' : y ts Copper Heat 
: ee : : Exchanger 


-— © 


CO. Freezers 
rel ale m@zalliteve 


33 


3D Model.of the APM Major « NASA 
Components 


Major component mass = 154 kg \ 


WaterCleanup nasa 
Module (KSC) 
) ¢ Tested with Water we ; 


Processing 

- Module at JSC 

¢ Used to recycle fuel cell 

= water from the MMSEV 
to H, and O, 

¢ MMSEY = Multi Mission 


change resin instead of membrane 
‘< included in the final version 


er,and Soil Processing « 
_ Module 


ake 
olith Advanced Biitace Systems 
is Robot) will feed the hopper 


4 1.1 1.2 1.3 


Fel ecwa\analeys) e)alsyacMeyianlel sl alm@ at) matclicmee) Md VE 


* Avg. Capture Rate = 99+3 g/hr 

at 1 .2 SLPM (1.4 hr test) 
* Avg. Sublimation Rate = 9548 e/hr 
(1.4 hr test) 


A% CO2 Capture 
@CO2 Collection Rate, g/hr 
© C02 Sublimation Rate in 1.4 hr, g/hr 


ae 3 a, A : 
+» -Long-Duration Tests 
Were Suc 


Run No. 

Sabatier Run Duration 

Gas Composition 

Average CO, Freezing 
Rate (Goal = 88 g/h) 

Average Fraction of 
CO, Frozen 

Average Cryocooler 
Power 

Average “Lift” Needed 
to Freeze CO, 

Average CO, Supply 
Rate to Freezers 

Average CH, 

@ Production Rate 

3 Average CH, Purity 

Average H,O Produced 


Missing H20O (vs. 72 g/h) 


1 
7.0h 
CO, 

102 g/h 


80% 
139 W 
0.19 W/g/h 
128 g/h 
32 g/h 
99.9% 


67 g/h 
6.9% 


\ 


2 
7.0h 
Co, 

100 g/h 


70% 


150 W 
0.21 W/g/h 
142 gh 
32 g/h 
99.9% 


69 g/h 
4.2% 


cessful 


3 
7.0h 
Mars Gas 
102 g/h 


70% 


158 W 
0.22 W/g/h 
146 g/h 
32 g/h 
96.0%* 


64 g/h 
11.1% 


4 
7.0 h 


MarsGas ™ 


99 g/h 
73% 
138 W 
0.20 W/g/h 
135 g/h 
32 g/h 
99.9% 


70 g/h 
2.8% 


& 
2 “> ee 3 
*Due to pressure losses during manualdraining of Sabatier water condenser 


“Selected Results from 
Long-Duration Tests 


Cryocooler Temperature and Power 


500 —— Cryocooler 
450 #1 Temp, K 
400 


350 
— —Cryocooler 


#2 Temp, K 


4 


Cryocooler 
#1 Power, 
W 


Potenatotee dy 


memes 


ea’ rE 


Crycooler 


: F #2 Power, 
Time, min W 


Sabatier Reactor Temperatures 


----- Catalyst Bed Outlet 


nef steeeeees Catalyst Bed Mid-Point 


Catalyst Bed Inlet 


— — — Preheat Loop 


Time, min 


© Conclusions ice)aamaal= : 
Long-Duration Tests | 


: CO, Freezer Subsystem ope ell 
| — Exceeds 88 g/h freezing and supply rate. 
— Freezes ~7.0% of incoming CO. 


— Provides vallable data for power to freeze ve atN anS 
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Current Status | 


Additional integrated tests performed 
Faster and slower production rates tested 
— 1.0-1.6 SLPM feed to CO, Freezers (87-71% frozen; 4800-5400 TE) | 
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Performed “virtual” integrated MARCO POLO tests witgfoter system 
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z Futu re Direction 4 
‘[Tony’ s Wish List - Same As 2 Weeks Ago] 
U Projec 
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